Objective: Nuclear receptors and cytochrome P450 (CYP) regulate hepatic metabolism of several drugs. Nuclear receptors are expressed at the neurovascular unit of patients with drug-resistant epilepsy. We studied whether glucocorticoid receptor (GR) silencing or inhibition in human epileptic brain endothelial cells (EPIECs) functionally impacts drug bioavailability across an in vitro model of the blood-brain barrier (BBB) by CYP-multidrug transporter (multidrug resistance protein 1, MDR1) mechanisms. Methods: Surgically resected brain specimens from patients with drug-resistant epilepsy, primary EPI-ECs, and control human brain microvascular endothelial cells (HBMECs) were used. Expression of GR, pregnane X receptor, CYP3A4, and MDR1 was analyzed pre-and post-GR silencing in EPI-ECs. Endothelial cells were co-cultured with astrocytes and seeded in an in vitro flow-based BBB model (DIV-BBB). Alternatively, the GR inhibitor mifepristone was added to the EPI-EC DIV-BBB. Integrity of the BBB was monitored by measuring transendothelial electrical resistance. Cell viability was assessed by glucose-lactate levels. Permeability of [ 3 H]sucrose and [ 14 C]phenytoin was quantified. CYP function was determined by measuring resorufin formation and oxcarbazepine (OXC) metabolism.
Foundation, Grant/Award Number: ARDF1508CG Significance: Our results suggest that modulating GR expression in EPI-ECs at the BBB modifies drug metabolism and penetration by a mechanism encompassing P450 and efflux transporters. The latter could be exploited for future drug design and to overcome pharmacoresistance.
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| INTRODUCTION
The blood-brain barrier (BBB) comprises tight-junction endothelial cells (ECs) lining the brain capillaries, with astrocytic end-feet in proximity. Understanding the BBB's function in health and disease is important in epilepsy, where BBB dysfunction is reported. [1] [2] [3] [4] [5] The ECs forming the BBB express variable levels of cytochrome P450 (CYP) enzymes. This variability may have relevance to drug-resistant epilepsy (DRE), [6] [7] [8] and therefore these ECs could be viewed as a regulatory interface and possible target for therapeutic interventions.
We recently reported 9 that brain ECs derived from patients with intractable epilepsy possess nuclear receptors or transcription factors such as glucocorticoid receptors (GRs) and pregnane X receptor (PXR). Molecular modulation of GRs in epileptic brain endothelial cells (EPI-ECs) resulted in changes in PXR expression and downstream CYP enzymes (eg, CYP3A4 and CYP2C9). 9 Thus, we previously hypothesized a role for local drug biotransformation in the human epileptic brain, altering drug bioavailability across the BBB by CYP enzymes and multidrug efflux transporter (multidrug resistance protein 1, MDR1) mechanisms. 8, [10] [11] [12] [13] [14] However, the functional relevance of GR expression at the human drug-resistant epileptic BBB, particularly in the context of drug metabolism, remains understudied. The purpose of this study was 2-fold: to investigate how a mechanistic regulation of GRs in EPI-ECs affects BBB properties and to explore the relevance of GRs to drug penetration across the BBB and to drug metabolism. To this end, we used a flow-based in vitro BBB (DIV-BBB) model. 8, 15, 16 We performed GR silencing in EPIECs and co-culture with astrocytes for DIV-BBB formation. We also opted for a complementary approach, pretreating EPI-ECs with the GR inhibitor mifepristone (MF; RU486). We accomplished 3 goals: (1) We verified the pattern of GR expression and the impact on the expression of PXR and drug-metabolizing enzymes and a drug efflux transporter; (2) we analyzed BBB integrity, cell viability, and permeability properties across the DIV-BBB in all conditions; and (3) we monitored CYP function by measuring the enzymatic conversion of 7-ethoxyresorufin to resorufin. Penetration and metabolism of oxcarbazepine (OXC) at the DIV-BBB were evaluated using both GRsilencing and GR-inhibition approaches. These studies were designed to better understand the relevance of GRs as a possible therapeutic target in the endothelium that could influence the pharmacokinetic properties of the vasculature in the human brain with DRE.
| METHODS

| Isolation of epileptic brain microvascular endothelial cells from human surgical specimens and human brain astrocytes
Brain specimens were obtained from patients with DRE according to the principles outlined in the Declaration of Helsinki and the Cleveland Clinic Institutional Review Board-approved protocol (IRB 07-322). Information on seizure type and frequency, duration of epilepsy, the resected brain regions, and experimental use of the specimens is provided in Table S1 . EPI-ECs were isolated from cerebral cortex biopsies of patients who had undergone surgery due to refractory epilepsy, as described earlier. 8, [16] [17] [18] Briefly, surgical specimens were incubated in collagenase type II (2 mg/mL;
Key Points
• GR silencing or inhibition in EPI-ECs decreased expression of PXR, CYP3A4, and MDR1 • GR in EPI-ECs does not control BBB structural properties such as TEER, P sucrose permeability, and physiologic glucose metabolism in vitro • Increased P phenytoin permeability across the BBB occurred upon GR silencing or inhibition • CYP function at the BBB depended on GR expression or inhibition • GR modulation in EPI-ECs modified OXC metabolism at the BBB in vitro.
Worthington Biochemical Corp., Lakewood, New Jersey) to dissociate the ECs for culture (Appendix S1). Gene-specific human NR3C1 GR (catalog: E-003424-00-0005) siRNA oligonucleotides were purchased from GE Dharmacon, Inc. (Lafayette, Colorado) and used at a final concentration of 1 μmol/L (Appendix S1) for EPI-EC. 9 GR silencing (human NR3C1) was performed using Accell SMARTpool siRNAs containing 4 siRNAs designed for the GR gene: (5′-GGAGCAAAUAUAAUUGGUA-3′, 5′-GCAUGUACGACCAAUGUAA-3′, 5′-GGGUGGA GUUUCGUAAUUU-3′, and 5′-CUAACAUGAUUUGU GUCUA-3′). The effects of siRNA on EPI-EC gene expression were confirmed by immunocytochemistry (n = 6 donors in triplicate per condition).
| Mifepristone treatment
Pretreatment of cells with the GR inhibitor mifepristone (MF; Sigma Aldrich, St. Louis, Missouri; catalog M8046) was selected as an alternative approach to understand the role of GR in EPI-ECs. A 10-mmol/L stock of MF was prepared in dimethyl sulfoxide (Fisher Scientific, Rockford, Illinois; catalog BP231-100) and diluted to 50 μmol/L in media. 19 The effects of MF on EPI-ECs were validated by immunocytochemistry after 24 hours of incubation (n = 4 donors in triplicate per condition). were seeded in the luminal side in different devices (n = 4 donors in triplicate per condition). Astrocytes (3 × 10 6 /device) were co-cultured in the abluminal side of the DIV. 8, 15, 16 In a complementary experimental approach, the BBB was established using EPI-ECs and astrocytes and exposing the EPI-ECs to MF for 24 hours in the lumen (n = 4 donors in triplicate per condition). The experimental outline is shown in Figure S1 and Appendix S1.
| Dynamic in vitro model setup
| DIV-BBB TEER measurement system
The transendothelial electrical resistance (TEER) measurement provides a means of evaluating the integrity of the DIV-BBB 15, 20 (Flocel, Inc., Cleveland, Ohio) as described previously. 15, 20 TEER was measured continuously throughout the course of each experiment.
| Cell metabolism: glucose and lactate levels
Indicators of cell metabolism were used to monitor cell growth and the establishment of a functional BBB in vitro. Depletion of the carbohydrate component of the growth medium (glucose levels) and accumulation of metabolically produced lactic acid levels are used as indicators of cell growth. 21 The lumen and extracapillary spaces (ECSs) were sampled at 0, 7, and 14 days (n = 4 donors in triplicate per condition). Data obtained show glucose and lactate levels in grams per liter. cataway, New Jersey; catalog TRA-322) were injected upstream into the lumen as described previously (Appendix S1). 15, 23 The permeability across the cerebrovascular bed was calculated by graphical integration of drug concentration in the corresponding lumen and ECSs over 10 minutes (n = 4 donors in triplicate per condition). 20, 22 Permeability values were obtained by integrating the area under the ECSs and the lumen according to an equation described previously. 
| Immunocytochemistry
Immunocytochemistry was performed on the epileptic human brain ECs that were (1) either transfected for GR silencing (EPI-EC GR siRNA) or not (EPI-EC non-siRNA) and compared with control HBMECs (n = 4 donors in triplicate per condition); (2) EPI-ECs exposed to MF and compared with EPI-EC (no inhibitor) (n = 4 donors in triplicate per condition). Cells were stained with antibodies against GR, PXR, CYP3A4, UGT1A4, and MDR1 and analyzed by fluorescence microscopy. Specifications on the antibodies, concentration, imaging, and quantification are provided in the Appendix S1. Images were processed using ImageJ (National Institutes of Health, Bethesda, Maryland) and QCapture-Pro software (QImaging, Inc., Surrey, Canada). All images were converted to an 8-bit format; brightness/contrast was adjusted using constant parameters. Threshold signals were set and segmented via the watershed feature of ImageJ. Values were collected and expressed as mean ± standard error of the mean (SEM).
| CYP function and resorufin formation
We performed an ethoxyresorufin-O-deethylase assay, determining the extent of 7-ethoxyresorufin metabolism into resorufin by CYP enzymes. 24 7-Ethoxyresorufin (20 μg/mL, dissolved in dimethyl sulfoxide) was added to the DIV-BBB containing EPI-EC GR siRNA, EPI-EC non-siRNA, or HBMECs (n = 4 donors in triplicate per condition). A similar approach was adopted for the MF-exposed DIV-BBB (n = 4 donors in triplicate per condition). Samples (200 μL) were collected from the luminal and abluminal sides of the DIV-BBB at 0, 2, 4, 6, and 24 hours (Appendix S1). 
UV analysis
To study OXC metabolism at the BBB, 25-30 μg/mL of OXC was set as the initial concentration in the DIV-BBB modules (EPI-EC GR siRNA, EPI-EC non-siRNA, and HBMECs [n = 4 donors in triplicate per condition]). 28 Similarly, EPI-EC DIV-BBB cells pretreated with MF were used to study OXC biotransformation at the in vitro BBB compared with MF untreated EPI-DIV-BBB and HBMECs (n = 4 donors in triplicate per condition). Samples were collected from the luminal and abluminal sides. Standard OXC and its metabolite licarbazepine (LiCBZ; 10, 11-dihydro-10-hydroxy-carbamazepine) were purchased from Sigma Aldrich (OXC, catalog O3764; LiCBZ, catalog 61347). OXC metabolism was assessed by measuring OXC levels at 0, 2, 6, and 24 hours by using a reversed-phase high-performance liquid chromatography-ultraviolet detection (RP-HPLC-UV; Agilent 1200 Series) and a Zorbax Eclipse Plus C18 column (4.6 × 150 mm, 3.5 μm; see Appendix S1).
14,16
| Statistical analysis
All data are expressed as mean ± standard error. Student's t test was used for direct comparison of 2 populations of data. One-way analysis of variance followed by a Bonferroni test was used for comparisons. A *P value ≤0.05 was considered statistically significant (n = 4-6 donors' specimens used in triplicate per experimental condition). Origin 9.0 software (Origin Lab, Northampton, Massachusetts) was used for statistical analyses.
| RESULTS
| GR modulation, PXR, CYP, and MDR1 expression in EPI-ECs and BBB properties
GR silencing and reduced expression were confirmed by immunocytochemistry ( Figure 1A) . A decrease was observed in PXR, CYP3A4, and MDR1 expression after GR silencing ( Figure 1A ). 9 The latter results were comparable to results from pharmacologic GR inhibition ( Figure 2A ). Quantifications are provided in Figures 1A1  and 2A1 . The expression of GR, PXR, and CYP in EPI-EC GR siRNA was found comparable to the levels in control HBMECs. Together, our data indicate that GR regulates the expression of PXR, CYP3A4, and MDR1 in EPI-ECs. GR silencing or inhibition in EPI-ECs did not influence the BBB TEER values and the cell viability properties of the in vitro BBB. TEER measurements reached~600 Ω/cm 2 in HBMECs and~500-800 Ω/cm 2 in EPI-ECs ( Figures 1B and 2B) . TEER values were F I G U R E 1 GR silencing in EPI-EC and BBB integrity. A, ECs isolated from drug-resistant epileptic brain resections were transfected (EPI-EC GR siRNA; n = 6). EPI-EC non-siRNA and control human brain microvascular endothelial cells (HBMECs) were compared. Immunocytochemistry shows successful GR silencing by a decrease in GR levels in EPI-ECs. Decreased PXR, CYP3A4, and MDR1 were observed in EPI-EC GR siRNA. A1, Quantification of fluorescent signals showed a significant decrease in expression levels of GR (P ≤ 0.01), PXR (P ≤ 0.05), CYP3A4 (P ≤ 0.01), and MDR1 (P ≤ 0.01) in EPI-EC GR siRNA (mean ± SEM). B, Transendothelial electrical resistance (TEER) measurement showed development of a barrier characterized by an increase in TEER (~600-800 Ω/cm 2 ) normalized with the baseline TEER reading. No statistical difference was found among TEER readings in EPI-EC GR siRNA, EPI-EC non-siRNA, and HBMEC DIV-BBB. All experiments were repeated in triplicate. C, The cellular metabolic pattern within the DIV-BBB setup showed no significant difference in the pattern of glucose and lactate levels over time during the DIV-BBB formation 2052 | similar in DIV-BBBs established using EPI-ECs, regardless of whether GR silencing or inhibition was applied. The assessment of glucose/lactate levels showed a similar trend ( Figure 1C) . We found no significant cell metabolic differences (glucose) between epileptic (EPI GR siRNA or non-siRNA) and normal endothelium.
The BBB permeability of [ 3 H]sucrose, a tracer of paracellular leakage, was comparable ( Figures 3A-A2 and 4A-A2) among groups. Of interest, the BBB permeability of the antiepileptic drug phenytoin (P phenytoin ), a substrate of MDR transport, was 2.1-fold higher across the EPI-EC GR siRNA compared with EPI-EC non-siRNA ( Figure 3B-B1) . A similar trend was found when the GR inhibitor was used ( Figure 4B-B1 ). These latter results suggest that permeability of phenytoin across the BBB is modified by GR silencing or inhibition that, in turn, decreases MDR1 expression, and the levels are comparable to those of controls ( Figures 3B2  and 4B2 ).
| CYP function is reduced upon GR silencing or inhibition in EPI-ECs
CYP function was monitored in the DIV-BBB by quantifying the production of fluorescent resorufin ( Figures 5A,B and 6A,B). Figure S3 shows a calibration plot. Augmented resorufin levels were measured in the lumen of EPI-EC non-siRNA DIV-BBB compared with EPI-EC GR siRNA DIV-BBB ( Figure 5A ). Resorufin formation in EPI-EC GR siRNA was comparable to that seen in control HBMECs. A similar trend was found in the abluminal compartments of the DIV-BBB ( Figure 5B ). Finally, pharmacologic GR inhibition produced comparable results ( Figure 6 ). Taken together, these results support the importance of GR modulation in determining CYP function at the human BBB in vitro.
| GR modulation at the BBB impacts OXC bioavailability
OXC metabolism and penetration were then tested. The chromatograms in Figure S3 show the standard OXC and its metabolite LiCBZ. A decrease in OXC levels occurred in the intraluminal side (0-24 hours; Figure 5C ), with EPI-EC non-siRNA > EPI-EC GR siRNA > HBMECs. BBB penetration was measured in EPI-EC GR siRNA and HBMECs ( Figure 5C1 ), whereas only negligible OXC penetration occurred across the EPI-EC non-siRNA. Levels of LiCBZ (the OXC metabolite) were measured in the abluminal side of EPI-EC non-siRNA ( Figure 5C2 ). We also found that there were negligible LiCBZ levels in the abluminal side of HBMEC DIV-BBB and reduced levels in EPI-EC GR siRNA DIV-BBB. A correlation was calculated ( Figure 5D ) between OXC metabolism (intraluminally) and resorufin levels (suggesting CYP function) in EPI-EC GR siRNA, EPI-EC non-siRNA, and HBMECs.
F I G U R E 2 GR inhibition in EPI-ECs
and BBB integrity. A, EPI-ECs were treated with the GR inhibitor mifepristone, MF (n = 4 donors in triplicate). Untreated EPI-ECs (n = 4 donors in triplicate) and control HBMECs (n = 4 in triplicate) were compared. Decreased levels of PXR, CYP3A4, and MDR1 were observed in EPI-EC GR inhibitor compared with EPI-EC no inhibitor. A1, Quantifications are provided (mean ± SEM). B, No statistically significant difference in TEER readings was found between EPI-EC GR inhibitor, EPI-EC no inhibitor, and HBMEC DIV-BBB modules Similar patterns of OXC biotransformation were obtained when GR was pharmacologically inhibited (Figure 6C-C1 ). GR noninhibited EPI-ECs showed significantly increased OXC metabolism and LiCBZ formation (P ≤ 0.05) compared with control conditions (Figure 6C-C2 ). OXC metabolism (intraluminally) in such instances was relatable to CYP function, which was indirectly evaluated by resorufin formation ( Figure 6D ). In the current study, we deliberately used a second-generation antiepileptic drug (AED; phenytoin) and a third-generation AED (OXC). [
14 C]Phenytoin is a suitable choice for permeation measurements across the in vitro BBB (along with the paracellular marker [ 3 H]sucrose). OXC is a widely prescribed drug that has proven useful for drug-metabolism studies, with particular relevance to GR in EPI-ECs. Overall, these data support the hypothesis that metabolic enzymes and drug transporter proteins can, in concert, modify brain drug disposition and local drug metabolism, controlled by the upstream GR effector at the epileptic human BBB.
| DISCUSSION
The purpose of this study was to explore the pharmacokinetic relevance of GR in EPI-ECs at the BBB model and to test the hypothesis that GR is a potential target for pharmacologic modulation in DRE. The present approaches encompass the mechanistic link between GR-P450-MDR1 in the EPI-ECs using a humanized in vitro BBB model associated with GR-regulated vascular pathophysiology. The pharmacologic relevance of GR in BBB ECs derived from patients with DRE and using the in vitro platform has been shown in this study for what we believe is the first time.
The BBB is a critical site protecting the central nervous system in health and disease conditions, but it can pose a major hindrance to drug development. 1, 4, 5 The flow-based system (DIV-BBB) has been shown previously to mimic the shear stress levels critical for tight-junction formation. [15] [16] [17] 20 This model is important for our study and to elucidate the impact that EPI-EC molecular manipulation has at the cerebrovascular interface. At the same time, GR is an interesting target not only for EC barrier function but also for understanding the key pathophysiologic traits of brain diseases. 29, 30 For instance, whether GR activation or loss mediates the immune changes and inflammation occurring in seizure disorders remains to be further studied.
31-33
| Genetic ablation of GR or modulation decreases PXR, CYP, and MDR1 expression
The potential of GR as a molecular target in the endothelium in brain pathologies is relevant, also considering the pattern of GR expression at the vessels in DRE regions showing reactive gliosis. 9 Our recent study also showed that GR regulates CYP3A4 at the BBB. 9 Other reports have shown GR regulation of BBB P-glycoprotein. 34, 35 In our current study, GR silencing (Figure 1 ) or GR inhibition (Figure 2 ) in EPIECs revealed a pattern of PXR, MDR1, and CYP enzyme expression changes. 9 We also found that expression of the phase II enzyme UGT1A4 is altered in EPI-ECs by GR manipulation ( Figure S2 ). Of interest, the multidrug efflux transporter MDR1 is significantly reduced when GR is silenced or inhibited in EPI-ECs; this finding supports the potential link of GR-MDR1 to pharmacoresistance (failed response to antiepileptic drugs), which still remains a critical problem for a majority of patients with DRE. 36, 37 The plausible mechanism by which GR in EPI-ECs regulates PXR-CYP-MDR expression is similar to the hepatic one.
38,39
| GR controls drug metabolism at the BBB in drug-resistant epileptic endothelial cells
Pharmacoresistance in epilepsy has been supported by several theories. 36, 40, 41 The role of drug-metabolizing enzymes and the formation of reactive metabolites due to enzymatic conversion by local ECs affecting drug bioavailability to the brain in DRE is one such theory. 7, 10, 11, 16, 42 In the current study, CYP involvement was therefore explored in the DIV-BBB and was found to be regulated by GR 6 ). The in vitro BBB model, which mimics the drug-resistant phenotype, could be an ideal screening platform for pharmacologic compounds, similar to microfluidic liver devices used to evaluate CYP activity and function. 24 Resorufin levels observed in EPI-EC non-siRNA, non-GR inhibition, and controls in both luminal and abluminal sides of the DIV-BBB suggest that ethoxyresorufin had undergone enzymatic conversion by CYP (eg, CYP1A1, CYP1B1, and CYP3A). 24 Our results suggest that GR function in EPIECs impacts phenytoin permeability via a contributing MDR1 mechanism. 43 In the present study, OXC levels were also measured in conditions in which GR was modulated or not. Silencing GR in EPI-ECs resulted in a reduction of OXC metabolism compared with nonsilenced conditions in EPI-ECs.
Thereby the penetration of OXC across the BBB was improved upon GR silencing or inhibition in the EPI-ECs. Furthermore, modulation of GR further decreased OXC metabolism and LiCBZ formation (Figures 5 and 6 ) compared with controls. Conversely, the nonsilenced or noninhibited EPI-EC condition demonstrated increased drug metabolic potency at the BBB, consistent with our previous reports showing a similar observation with other AEDs such as carbamazepine in the drug-resistant epileptic brain. 16 In general, GR inhibition seems to improve drug penetration and to reduce local drug biotransformation at the BBB EPI-ECs ( Figure S1 ). Reduction of CYP enzyme activity is a mechanism supported by the resorufin read-out and OXC metabolism ( Figures 5D and 6D) , indicating GR as a controller of BBB endothelial drug biotransformation. 46, 47 ; and (4) GR antagonism prevents the stressrelated alteration in amyloid pathology and cognitive performance in APP/PS1 mice 48 (those having genetically modified amyloid precursor protein and presenilin 1) and in tau pathology. 49 Our study suggests a significant role of GR in the expression of pharmacoresistance in human epilepsy through decreased drug bioavailability to epileptic brain areas. We show that the role of GR in drug resistance depends on the downstream regulation of drug-metabolizing enzymes and efflux transporters in the ECs at the BBB. These results suggest that GR-regulated changes in the EPI-ECs DIV-BBB have pharmacologic relevance pertinent to local drug delivery.
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F I G U R E 6 CYP drug
biotransformation is supported by resorufin and OXC metabolism in EPI-ECs after GR inhibition. A, Resorufin formation was the highest when using untreated (no MF) EPIECs compared with controls. B, Similar results were obtained when analyzing the abluminal compartment of the DIV-BBB modules. C, OXC metabolism was increased in noninhibited EPI-EC compared with EPI-EC GR-inhibited and HBMECs. C1, A relative increase in OXC penetration across the BBB was observed when using EPI-EC GR-inhibited and HBMECs compared with EPI-EC non-inhibited DIV-BBB. C2, LiCBZ formation in the abluminal side of noninhibited EPI-ECs, indicating OXC metabolism by a GR-CYP mechanism. OXC metabolism was lower or negligible in EPI-ECs after GR inhibition or in HBMECs. D, Levels of resorufin positively correlated with the amount of OXC metabolized. Results are expressed as mean ± SEM. Asterisks indicate P ≤ 0.05
